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Abstract
Vibration-assisted machining (VAM) is a process in which high-frequency small amplitude vibration is applied on tool or
workpiece to improve cutting performance, especially for hard and brittle materials. It has been applied to several machining
processes including drilling, turning, grinding, and milling. This paper offers a review for the vibration devices used in VAM
process. The history and current status of the vibration devices are presented including the design theory and principles. The
developed vibration devices are categorised in two groups, namely resonant and non-resonant modes. Advantages and limitations
of these devices are summarized and discussed, including their development trend. In addition, the benefits and applications of
vibration-assisted machining are also introduced.
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1 Introduction
Precision components are increasingly in demand in various
engineering fields such as MEMS, electro-optics, aerospace,
automotive, biomedical engineering, and ICT hardware. In
addition to the aims of achieving tight tolerances and high-
quality surface finishes, many applications also require the use
of hard and brittle materials such as optical glass and technical
ceramics owing to their superior physical, mechanical, optical,
and electronic properties. However, due to their high hardness
and usually low fracture toughness, the processing and fabri-
cation of these hard-to-machine materials have always been
challenging. Efforts to enhance machining performance have
revealed that machining quality can be improved using the
high frequency vibration of the tool or workpiece. Vibration-
assisted machining (VAM) was first introduced in the late
1950s, and has been applied in various machining processes,
including both traditional machining (turning, drilling, grind-
ing, and more recently milling) and non-traditional machining
(laser machining, electro-discharge machining, and electro-
chemical machining), and it is now widely used in the preci-
sion manufacturing of components made of various materials.
Vibration-assisted machining adds external energy to the con-
ventional machining process and generating high frequency,
low amplitude vibration in the tool or workpiece, a periodic
separation between the uncut workpiece, and the tool can be
achieved. This can decrease the average machining forces and
generate thinner chips, which in turn leads to high processing
efficiency, longer tool life, better surface quality and form
accuracy, and reduced burr generation [1–6]. Moreover, when
hard and brittle materials, such as titanium alloy, ceramic, and
optical glass, are involved, the cutting depth in the ductile-
regime cutting mode can be increased [7]. As a result, cutting
performance can be improved and unnecessary post-
processing can be avoided, which allows the production of
components with more complex shape features [8].
Nevertheless, there are still many opportunities for technolog-
ical improvement and ample scope exists for better scientific
understanding and exploration.
Well-designed vibration system plays an important role in
the implementation of vibration-assisted machining. A typical
vibration system consists of vibration sources (actuators), a
vibration transmission/amplification mechanism, and a con-
trol system. Generally, the actuators and transmission/
amplification mechanisms selected to be complementary.
Given that certain demands such as required vibration fre-
quency and amplitude range are proposed in the design phase,
the optimal overall device structure to match those demands is
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determined first. Then, the key structural parameters are opti-
mized using the finite element analysis (FEA)method, and the
corresponding dynamic and static characteristics can be ob-
tained. As a result, these key values in turn influence the
choice of the vibration actuators. According to the system’s
operating frequencies, these proposed vibration devices can
be divided to two groups: the non-resonant mode and the
resonant mode. The operating vibration frequency of a non-
resonant vibration system is variable, except its natural fre-
quency. In order to increase stability and reduce the dynamic
error in the vibration stage, flexible hinge structures are widely
used due to their superior dynamic response, low friction, and
ease of control. For a resonant system, the working frequency
is fixed at the natural frequency of the vibrator. A sonotrode
(also called a horn or concentrator) vibrates at its natural fre-
quency, transferring and amplifying a given vibration from a
vibration source, which is usually a magnetostrictive or pie-
zoelectric transducer. This system can achieve a higher oper-
ating frequency and greater energy efficiency comparedwith a
non-resonant system. However, its vibration trajectory cannot
be controlled precisely owing to the nature of resonant vibra-
tions and the phase lag between excitation and the mechanical
response. Compared with resonant systems, non-resonant sys-
tems tend to achieve higher vibration accuracy, and it is easier
to achieve closed-loop control of the vibration trajectories
under low-frequency conditions.
This paper reviews vibration systems, including actuator
types and their selection, transmission/amplification mecha-
nisms, and control system design. By analysing design theo-
ries and principles, the advantages and disadvantages of var-
ious types of vibration devices are discussed, and the devel-
opment trend of vibration devices is also mentioned.
2 Actuators
As power output devices, actuators convert other types of
energy into mechanical energy to drive the vibration stage.
This not only contributes to the bandwidth of the vibration
frequency and amplitude, but also to the accuracy of the mo-
tion of the vibration stage. Currently, two types of actuators,
namely piezoelectric and megnetostrictive actuators, are
mainly selected for vibration systems. This section provides
a general understanding information about these actuators,
including their strengths and weaknesses.
2.1 Piezoelectric actuators
Piezoelectric actuators apply the unique piezoelectric proper-
ties of piezoelectric ceramics to convert high-voltage electrical
energy into mechanical energy for high-frequency vibration.
Compared with other types of actuators, they have the char-
acteristics of low cost, simple structure, small size, fast
response, high control precision, the lack of magnetic field
and electrical fields, and no electromagnetic interference or
electromagnetic noise, improving system stability and leading
to more flexible designs of vibration devices. Various types of
piezoelectric actuators, including stacked, thin plate, tubular,
and bimorph types, have been developed for different appli-
cations [9, 10]. Considering factors such as displacement out-
put, stiffness, and frequency response, stack-type piezoelectric
actuators made of multiple pieces of piezoelectric ceramic
plates mechanically connected in series and electrically con-
nected in parallel are usually chosen in actual vibration
systems.
2.2 Magnetostrictive actuators
In the 1960/1970s, the technology of PZT was not yet fully
understood. And magnetostrictive actuators were the best
choice for vibration devices. It applies a ripple voltage to the
electromagnetic coil, and its electromagnetic force is used to
cause the moving core to vibrate. Although electromagnetic
vibrators are reliable source of vibration, the major drawback
is low energy efficiency caused by high electrical eddy current
losses. These electrical losses are transformed into heat and
may damage the vibrator [11]. Therefore, with electromagnet-
ic vibrators, the cooling issue always needs to be considered,
leading to bulky size [12]. Currently, magnetostrictive actua-
tors are usually applied in vibration systems which require low
vibration frequency and large vibration amplitude.
3 Transmission mechanisms
Two mechanisms using either flexible hinges or an ultrasonic
horn are mainly chosen in the design of vibration system. The
history of flexible hinge structures can be trace to the 1960s.
With the development of the aerospace and aviation sectors,
the resolution and size of the support in order to achieve small
deflection ranges no longer met the requirements. After ex-
ploring various types of elastic support tests, engineers grad-
ually developed flexible hinges which were characterised by
high resolution, small volume, and no mechanical friction or
gaps. Currently, many types of flexible hinges, including cir-
cular, elliptical, square fillet, and single notch profiles, have
been developed and are widely used to guide the displacement
of vibration in the non-resonant vibration-assisted systems. In
addition, they are often integrated into a double parallel or
parallel four-bar linkage so as to reduce coupling motion,
because the non-resonant vibration stage is usually designed
to work in two ormore dimensions [13]. The ultrasonic horn is
an important component of a resonant vibration system. It is
used to transmit the mechanical energy converted from elec-
trical energy into the workpiece by the transducer. It is a stage
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of the mechanical amplification of the power ultrasonic am-
plitude to improve the ultrasonic processing efficiency.
4 Drive and control
Besides accuracy in the processing and assembly of me-
chanical components, the control strategy used also has a
great influence on the motion accuracy of the vibration
system. Generally, these control systems can be divided
as open or closed loop systems. Due to the high working
frequency involved, an open loop system is the first
choice for a resonant vibration system. To build a proper
open loop control system for a piezoelectric actuator, a
mathematical model of the piezo-driven stage needs to
be built first due to its hysteresis, and non-linear and
creep properties. Many methods taking into account the
intrinsic mechanism and dynamic properties of piezoelec-
tric actuators have been developed in recent decades, in-
cluding the Preisach, Maxwell, and Prandtl-Ishinskii
models [14–16]. The reference is calculated from the cor-
responding control signal according to the reference input
value, and it is sent to the piezoelectric actuator through a
piezoelectric amplifier to generate a corresponding dis-
placement. The features of open loop control system in-
clude a simple structure and ease of implementation; how-
ever, when the object or control device is disturbed or the
characteristic parameters change during the working pro-
cess, error cannot be compensated for this affects the ac-
curacy of control. To overcome this drawback, closed
loop control systems are used. Close loop control systems
are mainly used in non-resonant vibration systems and an
industry standard controller is required. The traditional
PID control method algorithm has high control precision,
but it is not suitable for uncertain time-varying systems.
In contrast, fuzzy adaptive PID control can effectively
identify the mathematical model of the controlled object,
adjust the parameters and structure of the controller in real
time according to given performance indicators, and re-
duce output error at this stage. However, close loop con-
trol systems always require high precision and resolution
position sensors, which increases cost.
5 Vibration-assisted machining systems
As mentioned previously, vibration-assisted machining sys-
tems can be divided into two groups, resonant and non-
resonant systems according to their working principles.
Figure 1 shows the vibration frequency and amplitude for
developed vibration systems. Figure 1a shows the highest
working frequency and amplitude for non-resonant vibration
systems, while Fig. 1b shows the fixed working frequency and
amplitude for resonant systems. It can be found that the
highest vibration frequency of non-resonant vibration system
is about 11 kHz, but vibration frequency of resonant vibration
system is concentrated in 20 kHz and the highest frequency is
almost 40 kHz. This is due to their different working princi-
ples. Generally, better cutting performance and lower tool
wear can be obtained when increases vibration frequency in
resonant system. For non-resonant vibration system, wider
vibration frequency and amplitude bandwidth leads to more
complex tool trajectories, expanding their application range.
5.1 Resonant vibration systems
As a technology that has been successfully applied commer-
cially, resonant vibration-assisted machining systems work at
the natural frequency of the system and apply the excitation
vibration principle to increase the amplitude of vibration. A
typical design for an ultrasonic vibration-assisted machining
system is the resonant rod-type, which consists of three parts;
namely, an ultrasonic transducer, acoustic waveguide booster,
and horn (see Fig. 2). In some research, the acoustic wave-
guide booster and horn are also called a sonotrode because the
functions of the two components are quite similar [17]. The
ultrasonic transducer is the source of vibration for the whole
system and converts electrical energy into mechanical motion
in longitudinal or compressive mode under self-excited vibra-
tion [18]. Two types of electromagnetic and piezoelectric
transducers are widely used and were introduced in the previ-
ous section. The high-frequency low-amplitude reciprocating
harmonic vibration is generated by the ultrasonic transducer
and amplified by the sonotrode to the desired location of a tool
or workpiece. The sonotrode works by resonating with the
transducer and there are strict requirements for its design and
Fig. 1 Vibration frequency and
amplitude for developed vibration
systems, (a) non-resonant
vibration system and (b) resonant
vibration system
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manufacturing. Poor design or fabrication will decrease the
energy efficiency, reduce the cutting performance and vibra-
tion system durability, and may even cause serious damage to
the transducer [1–3, 19]. The cutting tool or workpiece is
attached to the end of the horn to obtain the desired vibration.
Moreover, the hold point of the whole system is usually set at
node point with zero displacement in order to maintain its
stability and reduce energy loss. According to the direction
of movement, a resonant vibration system can be divided into
three groups: 1D, 2D, and 3D systems.
5.1.1 1D system
1D ultrasonic vibration-assisted machining systems are the
most common type due to their simple structure and ease of
implementation. They can be divided into resonant rod and
resonant tool types. Many researchers have proposed their
own rod-type vibrators. Zhong et al. [4] improved the typical
resonant rod-type system and applied it to the turning process,
as shown in Fig. 3. A tool holder with a notch structure is
introduced into the design to hold the tool firmly in place
and to reduce its moving in the other degrees of freedom.
During the machining process, bending occurs at the notch
point to prevent deformation in the rest of the tool holder.
Otherwise, the tool holder in proximity to a parabolic shape
will affect machining performance. To obtain a more accurate
measurement of cutting force during the vibration-assisted
milling process, a special clamp system was designed by
Shen et al. [5] by integrating the clamping system and a dy-
namometer, as shown in Fig. 4. The results showed that the
impact of ultrasonic vibrations on measurement results are
reduced effectively. Similarly, Liu et al. [6–8] studied ductile
mode cutting with tungsten carbide, as shown in Fig. 5. The
new clamping system fixes the vibrator using four bolts,
which simplifies the installation procedure of the vibrator
and improves its accuracy.
The resonant rod-type 1D resonant vibration system has a
simple structure and high reliability; however, the resonance
frequency of the system can be easily influenced when a
workpiece or large mass is attached to the horn. Meanwhile,
the issue of the installation of oversized part is also difficult to
solve. Therefore, another type of resonant vibration system
named resonant tool was developed by integrating the re-
sources of vibration into the tool holder. A typical design
was proposed by Ostasevicius et al. [20], as shown in Fig. 6.
The milling cutter assembly is driven by piezo ceramic rings
which are fixed into a standard Weldon tool holder and gen-
erate resonant tool movement in the vertical direction.
Similarly, Alam et al. [21] improved the tool cutting assembly
design and obtained a sevenfold increase in vibration ampli-
tude by using a stepped shape of horn structure (Fig. 7).
As discussed in the previous sections, the vibration param-
eters for an ultrasonic vibration system largely depend on the
dimensions and cross-sectional shape of the designed vibra-
tion transmission mechanism consisting of the booster and
horn. However, the traditional approach is based on the appli-
cation of differential equations where the equilibrium of an
infinitesimal element is taken into consideration under the
influence of elastic and interia forces. This is time-
consuming and inaccurate. To overcome these drawbacks,
Fig. 3 Vibrator proposed by Zhong et al. [4]
Fig. 2 Typical design of a resonant vibrator
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FEA is introduced at the design stage of the ultrasonic vibra-
tion system, and its use can increase the accuracy of the vibra-
tion system, such as in natural frequency and the dimensions
of the mechanism, which speeds up the development of vibra-
tion devices. Kuo [22] proposed a milling cutter assembly
design where the process of harmonic piezoelectric vibrations
was simulated by an FEA dynamic simulation which opti-
mized the key dimensions, reduced the influence of stress
concentration on the system, and increased its system efficien-
cy. However, the simulation did not consider a situation where
a tool is attached to the horn, and this leads to a deviation in
the system’s natural frequency and vibration amplitude be-
tween the simulation results and operational results. Roy
et al. [23] developed a circular hollow ultrasonic horn for
milling cutter assembly and optimized its outline and cross-
sectional shape by using FEA. Compared with conventional
ultrasonic horn designs, such as those with stepped, conical,
and exponential shapes, the circular hollow ultrasonic horn
achieved a higher magnification factor and lower axial, radial,
and shear stress, hence improving system performance and
reducing the influence of stress concentration.
A different type of vibration drilling tool assembly design
was proposed by Babitsky et al. [24] (Fig. 8). In order to
accomplish vibration-assisted drilling, one side of the
assembly was clamped in the three-jaw chunk of the lathe
through the intermediate bush and energized by means of a
slip-ring assembly fitted to the hollow shaft of the lathe at the
end remote from the chuck. A further 1D ultrasonic vibration
system was developed by Hsu et al. [25], and its working
principle is quite similar to the ultrasonic bath. As shown in
Fig. 9, three commercial Langevin ultrasonic transducers were
fixed underneath the vibration stage and were controlled by
the same type of signals, generating vibrations at the same
frequency and phase. As a result, resonance vibration can be
obtained in the vibration stage.
5.1.2 2D and 3D systems
Ultrasonic elliptical vibration-assisted machining is also
named 2D ultrasonic vibration-assisted machining and has
received widespread attention since it was first proposed in
1993. Compared 1D systems, 2D systems can obtain better
cutting performance and also require a higher standard of vi-
bration devices. Due to its simple structure and ease of imple-
mentation, the integrated resonant rod device is the most pop-
ular in proposed 2D vibration devices. There are two main
designs: patch and sandwich types. For the patch type of in-
tegrated resonant rod, two sets of piezoelectric plates are at-
tached to the outer wall of the resonant rod to achieve the same
or different modes of resonance. In the sandwich type, two
modes of resonance moment can be obtained by adding an-
other set of piezoelectric rings to the 1D resonant rod.
Moriwaki et al. [26] developed a 2D patch-type ultrasonic
vibration-assisted turning system (Fig. 10) by attaching two
pairs of piezoelectric actuators symmetrically in the centre of
the four sides of a stepped horn. When two sinusoidal signals
with different phases and the same frequency are applied to
the piezoelectric actuators, a bending resonance state can be
obtained in the vibrator in two mutually perpendicular direc-
tions simultaneously and the cutting tool attached at the end of
the vibrator vibrates in elliptical mode. The coupling effect
cannot be avoided, as the piezoelectric plates are placed in
parallel. Shamoto et al. [27, 28] optimized the dimensions
and shape of the vibration rod and developed a control system
to achieve more accurate tool trajectory. Experiments were
conducted on hardened stainless steel and the machining ac-
curacy and machined surface quality improved. A combina-
tion of bending and longitudinal vibration modes was also
achieved in a different 2D patch-type ultrasonic vibrator de-
signed by Liang et al. [29–31], as shown in Fig. 11. The
piezoelectric plates are bonded at the same side of the metal
elastic body and the workpiece is fixed to the top of the vibra-
tion. However, the vibration amplitudes involved are quite
small only up to 0.4 μm due to mass issues with the vibrator,
and an effect of workpiece mass on the vibration’s amplitude
and frequency is unavoidable.
Fig. 4 Vibrator proposed by Shen et al. [5]
Fig. 5 Vibrator proposed by Liu et al. [6–8]
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A typical sandwich-type elliptical ultrasonic vibrator is
shown in Fig. 12 [32, 33]. The two groups of piezoelectric
rings are sandwiched together in the drilling cutter assembly,
and each group works at a different resonant mode to generate
an elliptical tool tip trajectory. It should be noted that the
installation point of this type of vibration device should be
set at the coincidence point of the two resonance modes.
Meanwhile, vibrators for mounting workpiece or non-
rotating tools such as for turning and polishing have also been
proposed using the same design principle [34–39]. To achieve
better performance, Börner et al. [40] developed a cross-
shaped converter for a 2D ultrasonic vibration-assisted vibra-
tor (Fig. 13) and applied it to the milling process. As the high-
frequency vibration is transmitted to the cross-converter, the
extension in horizontal direction will lead to a compression in
the vertical direction. However, only small specimens can be
Fig. 6 Vibrator proposed by
Ostasevicius et al. [20]
Fig. 8 Vibrator proposed by Babitsky [24]Fig. 7 Vibrator proposed by Alam et al. [21]
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used because those large of mass may influence the resonance
frequency of the vibrator. Tan et al. [41] built a symmetrically
structured ultrasonic elliptical vibration-assisted device
(Fig. 14) using four pairs of piezoelectric rings. The node
point of the device is naturally set at the centre of the flange,
which is easy to locate. The device is fixed by two pair of grip
holes displaced on the both sides of the flange to reduce en-
ergy loss and improve cooling performance. Compared with
the conventional design, the symmetrical structure can
completely balance the internal force, which dramatically re-
duces error in the vibrator’s motion. By changing the piezo-
electric actuator to a magnetostrictive actuator, Suzuki et al.
[42–44] developed an elliptical vibrating polisher (Fig. 15)
and applied successfully it to process micro-aspheric lenses
and tungsten carbide die/mould. The vibrator is based on a
giant magnetostrictive material and with coils wound around
it. It has four legs and each leg can be independently con-
trolled for expansion or contraction. The elliptical tool trajec-
tory can be obtained by appropriately setting the phase
difference of the two pairs of opposing coils. To obtain the
highest vibration amplitude, the vibrator is designed to work
at a frequency of 9.2 kHz, which limits its processing
performance.
Different from integrated resonant mode vibration devices,
a separate type of 2D resonant vibrators uses two independent
Langevin vibrators placed in a V or L shape to obtain a two-
dimensional vibration of the tool or workpiece [45–47].
Figure 16 shows a typical separate 2D V-shaped vibrator pro-
posed by Guo et al. [48]. The two Langevin vibrators are set at
an angle of 60° to generate a unique tool tip trajectory. The
head block is a flexure structure applied at the end of each
vibrator to guide motion and reduce movement error. Each
individual vibrator has an added end mass to preload the pie-
zoelectric rings and adjust the natural frequency of the vibra-
tors. A similar design was also applied in a vibration-assisted
polishing process [49]. Yan et al. [50] developed a 2D ‘L’-
shaped resonant vibrator for grinding, as shown in Fig. 17.
Two independent 1D resonant vibrators are placed perpendic-
ularly on the sides of the vibrating stage. However, this type of
2D resonant vibrator is almost impossible to integrate into a
rotating tool such as in a milling cutter assembly, which limits
its application.
In order to obtain complex geometrical shapes, the milling
process requires a feed vector in arbitrary directions with both
vertical and horizontal components of feed vector necessary
for 3D end milling. Hence, there is a need for three-
dimensional vibration assistance. Figure 18 shows a 3° of
freedom resonant vibration tool which can generate longitudi-
nal and two bending resonance mode vibrations by adding
three sets of piezoelectric actuators to a resonance rod
[51–53]. The difficulty associated with this design is to accu-
rately locate the node point of the vibration rod and to achieve
three modes of resonance frequencies which are as close as
possible to obtain sufficient vibration amplitude. Moreover,
the cross-talk between the three resonance modes is muchFig. 10 Vibrator proposed by Moriwaki et al. [26]
Fig. 11 Vibrator proposed by Liang et al. [29–31]
Fig. 9 Vibrator proposed by Hsu et al. [25]
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more prominent than that in a 2D resonant system. In order to
reduce the motion coupling effect, stepped and the tapered
portions are added to the resonant rod and the overall shape,
and dimensions are optimized so as to obtaining optimal
performance.
5.2 Non-resonant vibration system
Generally, resonant vibration systems are capable of achiev-
ing extremely high operating frequencies, and most of them
can even reach ultrasonic vibration frequency levels (≥
20 kHz). However, their limitations of fixed working frequen-
cy and vibration motion parameters, heat dissipation, open
loop control, and poor dynamic accuracy are also quite obvi-
ous. In addition, the performance of the vibrator heavily relies
on the dynamic characteristic of the vibration horn, which
increases the difficulty of vibrator design. To overcome these
shortcomings in the resonant vibrator, much more attention
has been paid to non-resonant vibration systems. Non-
resonant systems apply forced vibration rather than excitation
vibration as the design principle and produce variable vibra-
tion frequencies. However, it is hard to achieve a high work-
ing frequency, which is always less than the natural frequency,
due to the issue of structural stiffness. Many of these designs
are inspired by high-precision micro/nano-positioning stages
[54, 55], and are discussed below.
The working principle of non-resonant vibration system
can be explained by the schematic diagram in Fig. 19. The
whole system is driven directly by the preloaded piezoelectric
actuator. In order to accurately transmit motion and reduce
parasitic movement, flexible mechanisms (flexure hinges),
which can be simplified into a set of spring-damper mecha-
nisms, as shown in Fig. 19, are always chosen as the linkage
between the actuators and end executor. A displacement am-
plifyingmechanism can be integrated into the flexure hinges if
the amplitude is required larger than the displacement gener-
ated by the piezoelectric actuator. Moreover, decoupling is-
sues also need to be considered in the design phase of the
flexible mechanism when multidimensional motions are
required.
Compared with resonant vibration systems, higher motion
accuracy can usually be achieved with a non-resonant vibra-
tion system due to its inherent merits. This makes it more
suitable for the manufacturing of micro-structured surfaces.
Therefore, 1D non-resonant vibration systems are quite rare
due to the complex tool trajectories required in producing
unique surface microstructures. A typical design of a 1D
non-resonant vibration system uses a combination of a parallel
four-bar flexure hinge structure and a piezoelectric actuator
[56]. Figure 20 shows a 1D non-resonant vibration system
design proposed by Long et al. [57, 58]. A single piezoelectric
actuator is positioned at the parallel four-bar flexure hinge
structure, which also includes a vibration displacement ampli-
fication function. The structural layout and closed-loop con-
trol system ensure high motion precision. A different design
was proposed by Suzuki et al. [59] with a complexmechanical
structure, as shown in Fig. 21. To ensure cutting accuracy, this
vibrator aims to achieve high axial mechanical stiffness so as
to reduce elastic deflection during the machining process. A
cylindrical roller bearing is set between the cutting tool and
piezoelectric actuators to guide the vibration and support the
Fig. 12 Vibrator proposed by Liu
et al. [32]
Fig. 13 Vibrator proposed by Börner et al. [40]
Int J Adv Manuf Technol (2020) 108:1631–16511638
bending force acting on the cutter insert, and the twisting force
in the machining process is supported by the pin. Moreover,
bending stress is further reduced due to the flexible tip.
Consequently, the shear stress which could damage them can-
not be transmitted to the piezoelectric actuators. Because the
output voltage for the control of the vibrator may reach up to
1000 V, an air-cooling system is also integrated into the vi-
brator to prevent overheating.
5.2.1 2D system
Compared with 1D systems, the application of 2D systems is
more flexible. However, the coupling effect between the two
vibration directions has a great impact on its accuracy. Two
configurations exist among the proposed designs, a vibration
tool mainly for turning, and a vibration stage mainly for
milling. A flexible hinge structure is often used to guide mo-
tion, and to reduce motion error and the coupling effect, al-
though some other designs have also been reported. Brehl
et al. [60, 61] developed two types of non-resonant elliptical
vibration-assisted machining devices at two different working
frequencies. One of these vibrators (Fig. 22a) works at a high
vibration frequency up to 4.5 kHz but low vibration amplitude
of less than 2 μm and requires a cooling chamber to prevent
the vibrator from overheating. The other design (Fig. 22b)
operates at a low vibration frequency of 400 Hz but high
vibration amplitude up to 22 μm and does not need an extra
cooling system. The design principles of the two vibrators are
almost the same. Two piezoelectric actuators are placed in
parallel and generate two sinusoidal vibrations with a specific
phase difference. Then, two sets of parallel high-frequency
vibration motions are converted by the ‘T’ shape tool holder
Fig. 14 Vibrator proposed by Tan
et al. [41]
Fig. 15 Vibrator proposed by Suzuki et al. [42–44] Fig. 16 Vibrator proposed by Guo et al. [48]
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into the desired elliptical cutting tool trajectory. To simplify
the structure and improve the working frequency band of the
vibrators, the piezoelectric actuators are used to achieve cut-
ting tool support and positioning in both vibrator designs.
However, the drawback of this design is that the accuracy of
the vibrators is hard to guarantee under the conditions of open
loop control. Therefore, it is not suitable for the precision
machining processes due to the non-linear hysteresis and
creep behaviour of the piezoelectric actuators which is
unavoidable.
Another two design of 2D non-resonant vibration tool as-
sembly (Fig. 23a and b) were proposed by Kim et al. [63–65].
Two stacked piezoelectric actuators are fixed/preloaded by a
through-bolt on the tool holder and placed in parallel and
perpendicular to each other, respectively. A similar design
proposed by Li et al. [66] uses four pairs of piezoelectric plates
symmetrically placed at both side of the vibration platform.
However, the major drawback of these designs is the motion
coupling between the two motion directions, which causes
tangential shear stress inside the piezoelectric actuator and
damages the vibrator. To overcome these drawbacks, many
optimized design proposals have been proposed. Loh et al.
[67] improved the current vibrator design and a better perfor-
mance was obtained in their experiment results (see Fig. 24).
Compared with the original design, the structure of the tool
holder is optimized and a hemispherical structure is added at
the junction of the piezoelectric actuator and tool holder,
which changes the connection mode between them from sur-
face contact to point contact. As a result, the motion coupling
between the two piezoelectric actuators can be effectively
avoided and potentially hazardous shear deformation of the
piezoelectric actuators reduced. Another design adds cross-
shaped voids to the tool vibrator, and the results show that
the cross-interference of the vibration of each axis is effective-
ly suppressed [68]. Chern et al. [69] put forward a different
vibration design employing a combination of piezoelectric
actuators and linear guideways (see Fig. 25). However, the
coupling effect cannot be reduced effectively because the
end spring of the vibrating stage has no torsional stiffness.
To obtain better cutting performance and a more accurate
tool tip trajectory, various non-resonant vibration stages with
flexible structures have been proposed. One of these designs
uses independent driving, where each group of piezoelectric
actuator drives one direction of the vibrator and movement in
each direction is independent of the others in order to mini-
mize mutual coupling. A typical 2D non-resonant vibration
stage based on the flexible structure was developed by Jin
et al. [70]. The movable vibration table is connected to the
piezoelectric actuators through flexible hinge structures in
both directions. As the two piezoelectric actuators work to-
gether, the motion of the flexure hinges will be affected by
coupling stiffness leading to an uneven displacement between
the two directions, which makes it hard to control them pre-
cisely. Ding et al. [71, 72] built a non-resonant elliptical vi-
bration stage using a parallel-kinematic double flexible hinges
structure. The stage is driven by two independent piezoelectric
actuators which are placed perpendicular to each other. The
parallel-kinematic double flexible hinge structure has advan-
tages such as compactness, high stiffness levels, and no fric-
tion. In addition, it also reduces the coupling effect of the
vibration stage. A single flexure parallel four-bar elliptical
vibration stage has been developed using four flexible hinges
supporting the movable stage (see Fig. 26) [73]. However,
when the vibration stage vibrates in one direction, parasitic
movements in the other direction (perpendicular direction)
cannot be eliminated due to the coupling effect of the single
parallel four-bar mechanism. A planar-integrated vibration
stage with a symmetrical double flexible parallel four-bar
structure was proposed by Zhang et al. [74]. It features a
compact structure, zero clearance, and no mechanical friction,
which leads to better guidance properties. Compared with the
Fig. 17 Vibrator proposed Yan et al. [50]
Fig. 19 Typical working diagram of non-resonant vibrator
Fig. 18 Layout of the 3D vibrator [51–53]
Int J Adv Manuf Technol (2020) 108:1631–16511640
single-parallel four-bar structure vibration stage, it not only
eliminates the cross-coupling displacement, but also weakens
the external interference to a certain extent. By optimizing
existing designs, Chen et al. [75–79] reported a 2D highly
dynamic horizontal non-resonant vibration-assisted milling
system. As shown in Fig. 27, a structure of double parallel
four-bar linkages with double-layer flexible hinges is applied
to the vibration stage design, which not only reduces the cou-
pling effect, but also improves efficiency of the vibration
transmission. The stiffness and displacement of the vibrating
Fig. 21 Vibrator proposed by
Suzuki et al. [59]
Fig. 20 Vibrator proposed by Greco et al. [57]
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stage are assured by adjusting the dimensions of the different
flexible hinges. Another compact 2D non-resonant vibration
stage design was proposed [80, 81]. Two pairs of piezoelectric
actuators are placed symmetrical in flexible hinges around the
oval mechanical structure. The circuit board is integrated into
the vibration stage, which reduces the device’s volume.
Another design applies two or more piezoelectric actuators
in the same or multiple directions to produce a compound
elliptical motion. A more complex tool trajectory can be ob-
tained compared with an independently driven vibrating stage.
In order to reduce the influence of other factors on the vibra-
tion amplitude and frequency, it is usually integrated with the
machine tool [82]. A flexible hinge structure-based 2D vibra-
tion turning tool was also proposed as shown in Fig. 28 [83].
The design principle of the vibrator uses a set of vertically
connected biaxial flexible hinges to support and guide the tool
holder. When the tool holder is driven by two piezoelectric
actuators, the elastic deformation of the flexible hinges in
different directions can be employed to synthesize the motion
of elliptical tool tip. Lin et al. [84] reported a piezoelectric tool
actuator (PETA) for elliptical vibration turning based on a
hybrid flexure hinge connection (see Fig. 29). It consists two
parallel four-bar linkage mechanisms and two right circular
flexure hinges and effectively improves vibration accuracy
and reduces the coupling effect between the two motion axes.
The step responses, motion strokes, vibration resolutions, par-
asitic motions, and natural frequencies of the PETA along the
two input directions were analysed, and the results show that
the vibrator is capable of precision machining. A 2D-proposed
low-frequency vibration-assisted polishing tool assembly is
shown in Fig. 30 [85]. It consists of four mechanical
amplitude-magnified actuators screwed together on a centre
piece which generates a planetary elliptical tool tip trajectory.
Although the non-integral structure reduces the design and
manufacturing difficulty of the vibrator, higher installation
accuracy is also required due to the fact that the assembly
accuracy has a great influence on the vibrator motion trajec-
tory. To solve this problem and achieve higher tool motion
accuracy, another 2D low-frequency vibrator is shown in
Fig. 31 [86]. Three mechanical amplitude magnified actuators
are arranged in a triangle around the centrepiece, and a highly
repeatable and stable polishing trajectory can be obtained. In
addition, the 2D low-frequency vibrator is attached to a low
contact force loader, which further reduces the polishing force
and prevents damage to the surface layer of the workpiece.
Compared with the previous system, this vibration system has
advantages such as higher vibration accuracy, and lower
grinding force and energy consumption, and the resolution
of the vibration is also improved to 0.1 μm.
5.2.2 3D systems
As an important part of non-resonant systems, the 3D vibra-
tion system can generate a more complex tool trajectory which
is suitable for special applications such as the production of
optical freeform surfaces on hard and brittle materials [87].
Similar to the design of the 2D non-resonant vibrator, the
3D non-resonant vibrator can also be divided into compound
motion and independent drive types. For the latter 3D non-
resonant vibrator, the coupling can seriously influence the
accuracy of motion due to the motion of the vibration device
which is composed of individual movements in three axes. In
Fig. 23 Vibrators proposed by
KIM et al. [63–65]
Fig. 22 Vibrator proposed by
Brehl et al. [61, 62]
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addition, the totally decoupled motions always require a large
number of linkages with special structures needed for motion
isolation, causing relatively low response rates [88]. Wang
et al. and Liu et al. proposed two similar 3D non-resonant
vibration devices [89, 90]. However, their complex flexible
structures result in low bandwidth and response speeds. To
overcome these drawbacks, a different type of independent
drive 3D non-resonant vibration device has been developed
which is shown in Fig. 32 [91]. In this design, low coupling
and high motion accuracy and response rates can be obtained
by employing a compact and rotationally symmetrical struc-
ture and special flexure hinges with multiple DoFs. Figure 33
shows a representative design of the compound motion type
3D of non-resonant vibration device [92, 93]. The vibration
device is driven by four piezoelectric actuators and the differ-
ent 3Dmotion planes and trajectory can be obtained by chang-
ing the acting locations of the piezoelectric stacks or parame-
ters of the signals. By installing displacement sensors, this
vibration device achieves closed-loop control and better mo-
tion accuracy.
6 Applications and benefits
of vibration-assisted machining
6.1 Ductile mode cutting of brittle materials
When the cutting depth is less than a certain critical value
(the critical cutting depth) in the processing of brittle ma-
terials, the cutting process will be transformed from brittle
cutting mode into ductile cutting mode. This removes the
workpiece materials by plastic flow instead of brittle
fractures, leading to a crack-free surface. In ductile cutting
mode, the critical cutting depth can be defined as the
cutting depth at which a crack appears on the machined
surface. If the undeformed chip thickness is less than the
critical cutting depth, brittle cutting can be reduced in
conventional cutting and a better surface finish can be
obtained. However, in the actual processing of brittle ma-
terials, their critical cutting depth is usually in the range
of microns or sub-micron, which reduces processing effi-
ciency and increases the manufacturing time. Vibration-
assisted machining is an effective method used to increase
the critical cutting depth the in ductile cutting mode and
to improve the economics and feasibility of the processing
of brittle materials. It has been reported that smaller cut-
ting forces can reduce microcrack propagation on the sur-
face of the brittle parts and can increase the critical cut-
ting depth for brittle materials under ductile cutting mode.
In addition, a large enough plastic-yielding force, but not
large enough to cause material rupturing is also a neces-
sary condition for the ductile cutting of brittle workpieces.
Therefore, it is feasible to increase the brittle materials’
critical cutting depth within a reasonable stress range by
using vibration-assisted machining [94–96].
6.2 Machining accuracy and surface quality
improvement
Compared with the conventional machining process,
vibration-assisted machining can greatly improve machin-
ing accuracy and surface quality, and the improvements
vary depending on the tool and workpiece materials, vi-
bration conditions (vibration amplitude, vibration
Fig. 24 Vibrator proposed by Loh et al. [67]
Fig. 25 Vibrator proposed by Chern et al. [69]
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frequency, and vibration dimensions), tool parameters,
and processing parameters such as feed rate, spindle
speed, and cutting depth. If the processing parameters
are unchanged, the surface roughness in 1D and 2D
vibration-assisted machining can be reduced by approxi-
mately 40% and 85%, respectively [17]. There are many
reasons for this. On the one hand, lower cutting forces can
enhance the stability of the cutting process, which reduces
tool run-out in the cutting depth direction and generates
smaller chips. On the other hand, vibration-assisted ma-
chining can reduce cutting tool wear and effectively avoid
damage caused to the machined surface by worn tools.
The tool’s self-excited vibration is replaced with regular
sine or cos vibration, which reduces the residual height of
the unremoved material. As a result, a better machined
surface quality can be obtained.
6.3 Burrs suppression
Burr formation, similar to chip generation, is a common
and undesirable phenomenon in the machining process
and one of the most important criteria in the evaluation
of the machined surface. Vibration-assisted machining can
effectively suppress burr formation during processing, and
some researchers have proposed that burr height can be
reduced up to 80% compared with conventional machin-
ing [97–99]. Figure 34 shows examples of burr reduction
in vibration-assisted machining. Almost no burrs can be
found on the machined surface. This phenomenon is
mainly due to the reduced cutting force, which leads to
lower transient compressive stress and yield stress in the
cutting deformation area. In addition, unique tool
Fig. 27 Vibrator proposed by Chen et al. [75–77]
Fig. 26 Vibrator proposed by Li et al. [73]
Fig. 28 Vibrator proposed by Kim et al. [83]
Fig. 29 Vibrator proposed by Lin et al. [84]
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trajectories (such as elliptical trajectories) can result in
discrete small of pieces chips. As a result, burr formation
can be suppressed.
6.4 Surface texture generation
Engineered textured surfaces have the characteristics of regu-
lar textural structures and high aspect ratio, enabling the com-
ponent surface to serve specific functions such as reducing
adhesion friction, improving lubricity, increasing wear resis-
tance, changing hydrophilic performance, and enhancing op-
tical properties. Etching methods are commonly used to pro-
duce high precision surface microstructures, but these are
costly and time-consuming. As a more flexible method, it
has been proven that vibration-assisted machining in either a
single direction or two directions can form certain surface
textures depending on the cutting-edge geometry and kine-
matics. Currently, the proposed surface textures mainly in-
clude squamous, micro-dimple pattern, andmicro-convex pat-
tern types, and their size ranges from a few microns to tens of
microns, as shown in Fig. 35. There is an emerging trend to
obtain certain surface performance using vibration-assisted
machining. For example, the size of the surface texture fea-
tures can be controlled by changing the vibration and process-
ing parameters, leading to variable surface wettability
(Fig. 35) [75]. And this process can also be used to create
microchannels for the microfluidic control of the fluid flow,
to name a few.
Fig. 31 Vibrator proposed by
Chee et al. [86]
Fig. 30 Vibrator proposed by Chee et al. [85] Fig. 32 Layout of a 3D non-resonant vibrator [91]
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7 Future perspectives
With a deeper understanding of the cutting mechanisms in
vibration-assisted machining technology, its potential for
processing hard and brittle material is gradually being
explored. However, this also leads to stricter requirements
for stability and real-time frequency tracking technology
in vibration-assisted machining systems due to the high
loads involved in the machining process. Therefore, an
inevitable trend has been to improve resonant vibration
systems to adapt to large loads and frequency drift. At
present, ultrasonic resonance devices are basically set at
the cutter side because of the unpredictable mass and size
of workpieces, which further affects amplitude and fre-
quency of the resonant vibration. Nevertheless, the reso-
nant state of the ultrasonic system is greatly influenced by
the factors such as tool materials and clamping mode.
Meanwhile, besides high-frequency ultrasonic vibration,
high cutting loads are also applied directly to the cutter,
which leads to high standard requirement of cutting tool
[101]. Accordingly, one of the most important trends in
resonant vibration-assisted machining systems is improve-
ment in the system and the development of special tools.
By taking into account the characteristics of ultrasonic
vibration cutting and the integration of cutting tool and
ultrasonic vibration system from the perspective of inte-
grated collaborative design, tools can be adapted to the
vibration system while meeting the processing require-
ments, which further ensures the stability of the resonant
vibration system. In addition, the issue of overheating in
ultrasonic vibration systems operating for long periods is
also a problem which needs on urgent solution. Designing
a dedicated vibration system with an internal cooling
function will help to solve this problem.
As reviewed in the previous section, 2D vibration-assisted
machining systems are the most common type of non-
resonant vibration system, and these systems are always built
using piezoelectric actuators to drive the flexible hinges di-
rectly. In addition, most flexible hinge structures are designed
to be symmetrical and the current effort in performance im-
provement of non-resonant vibration-assisted machining sys-
tems is mainly focused on the optimization of shape, which
limits improvements in performance. For serial flexible hinge
structures in non-resonant vibration system, the main draw-
backs are the accumulation of vibration error, low working
frequency bandwidth, and structural redundancy. For parallel
flexible hinge structures in non-resonant vibration systems,
the coupling effect between different axes is unavoidable,
which seriously affects the motion accuracy of the system
and can induce shear stress inside the piezoelectric actuators
Fig. 33 Compound motion type
3D vibrator [92, 93]
Fig. 34 SEM images of burr-free
structures made using 2D VAM.
Single-crystal diamond tool in
hard-plated copper. a
Microchannel, 1.5 μm deep (b)
8 μm tall regular trihedron made
using dead-sharp tool with 70°
nose angle [17]
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and damage them. Therefore, structural optimization of non-
resonant vibration systems so as to improve vibration accura-
cy and reduce coupling effect is a major development trend.
Currently, vibration-assisted machine tools for difficult-to-
machine materials have not yet reachedmaturity. The reliability
of the machine tool system and stability in long-term operation
need to be evaluated and strengthened. Many sectors such as
the aerospace and medical areas have high demand for stable
ultrasonic-assisted machine tools. Hence, integrating current
research results for ultrasonic vibration-assisted technology
and the development of special ultrasonic vibration auxiliary
equipment will soon become an important research priorities.
8 Concluding remarks
From ongoing in-depth research, more of the merits of
vibration-assisted machining are being discovered, which ex-
tends its application in precision machining processes with
hard and brittle materials. However, well-designed vibration
devices are required to ensure their performance. And the
strengths and weaknesses of resonant and non-resonant vibra-
tion systems are summarised Table 1.
In general, design should consider not only the operating
frequency and amplitude, but also the accuracy, ease of control,
and application environment. This paper has critically reviewed
Table 1 Strengths and weaknesses of resonant and non-resonant vibration systems
Classification Resonant systems Non-resonant systems
Working
principle
Resonant vibration Forced vibration
Strengths 1. Usually works at high (ultrasound) vibration frequency,
which benefits to hard and brittle materials processing.
1. Changeable vibration frequency and amplitude.
2. Simple structure in 1D vibration devices. 2. Close-loop control is available to obtain higher motion
accuracy.
Weaknesses 1. It can only work at fixed vibration frequency (system natural
frequency) to achieve enough vibration amplitude.
1. Coupling effect in 2D/3D system cannot be eliminated,
which influences its motion accuracy.
2. Close-loop control is hard to achieve due to
high working frequency.
2. Complex mechanical structures usually
required in 2D/3D systems to reduce coupling effect.
Fig. 35 Surface texture produced by vibration-assisted machining (a) micro-dimple patterns [84], (b) micro-convex patterns [63], (c) squamous patterns
[100], and (d) surface wettability variation with different surface texture [75]
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research and developments in vibration devices. It provides a
discussion of both the advantages and disadvantages of existing
vibration devices and gives insights into vibration device design
in the future. The following are the key observations and sug-
gestion for future work on vibration devices:
1. Vibration-assisted machining has been in development for
about 60 years since it was first proposed. Advantages such
as extended tool life and better surface finishes have been
discovered and have played an important role in improving
the machining accuracy of hard and brittle materials and
reducing costs. The sources of vibration have undergone on
evolution from electro-hydraulic actuators to electromag-
netic actuators to piezoelectric actuators, and each evolu-
tion improves the motion accuracy of the vibration system.
2. Resonant vibration devices usually vibrate at their natural
frequency, and the vibration frequency and amplitude are
fixed at certain values. Given the high demand for the
precision machining of hard and brittle materials, high
vibration frequency, low amplitude, and the undertaking
of large loads will be development trends for resonant
vibration devices in the near future.
3. The applications of non-resonant vibration systems are
more flexible compared with resonant systems due to the
variable vibration amplitudes and frequencies. Besides pur-
suing a wider range of working frequencies and ampli-
tudes, a reduction in the coupling effect is also a significant
mainstream research aim with this type of vibration device.
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